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The radiolysis behavior of neat pyridinium ionic liquids (ILs) and their aqueous solutions was investigated using nanosecond 
pulse radiolysis techniques. Radiolysis of the ionic liquids, such as N-butylpyridinium tetrafluoroborate (BuPyBF4), resulted in the 
formation of solvated electrons and organic radicals. Solvated electrons reacted with the pyridinium moiety to produce a pyridinyl 
radical, which can transfer electrons to various acceptors. The electron-transfer rate constants of the solvent-derived butylpyridi-
nyl radicals in BuPyBF4 and in several compounds (for example, duroquinone, 4,4′-pyridine, benzophenone, and 1,1′-       
dimethyl-4,4′-bypyridinium dichloride) (k of the order 108 L/(mol s) were lower than those measured in water and in i-PrOH but 
were significantly higher than the diffusion-controlled rate constants estimated based on viscosity. The electron-transfer rate con-
stants in neat BuPyBF4 were one order of magnitude faster than the diffusion-controlled values. This finding suggests that Bu-
PyBF4 acts not only as solvent but also as active solute, such as in solvent-mediated reactions. These reactions result in electrons 
reaching their final destinations via intervening pyridinium groups without requiring the diffusion of a specific radical. 
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In recent years, ionic liquids (ILs) have become the most 
studied class of solvents and are considered valid potential 
substitutes of many volatile organic solvents [1–3]. ILs are 
salts and thus are ionic compounds in liquid form at or near 
room temperature. ILs exhibit several unique thermophysi-
cal properties owing to their asymmetrical structures and the 
charge dispersion of their organic and inorganic ions. These 
compounds do not evaporate at ambient temperature and 
have relatively high thermal stability, high ionic conductiv-
ity, and large liquid temperature range. ILs also demonstrate 
excellent solvent quality for many types of compounds. 
Traditional methods of chemical kinetics must be applied to 
the study of IL chemical reactivity to exploit properly the 
potential of these solvents.  
In this work, pulse radiolysis techniques were used to 
observe the electron-transfer reactivity of N-butylpyridin- 
ium tetrafluoroborate (BuPyBF4) ILs with several transient 
species. Pulse radiolysis is a technique where samples are 
irradiated using a laser-generated beam of high-energy elec-
trons and the species (electron, radicals, cations, etc.) are 
studied through their absorption spectra [4]. This technique 
is useful for studying reaction rates, particularly for very 
fast reactions such as redox reactions and reactions that 
contain short-lived species. Neta and co-workers [5,6] 
compared the reaction rate constants of ILs with those of 
traditional solvents (acetonitrile and alcohol) to determine 
the stability of ILs as alternative reaction solvents for spe-
cific reactions. They studied reaction kinetics in imidazo-
lium salts and in methyltributylammonium bis (trifluoro- 
methylsulfonyl)imide [7–9]. However, to the best of our 
knowledge, only a few studies focused on the kinetic reac-
tivity of pyridinium-based ILs. In the current study, we ex-
tend our earlier investigations to consider the effects of the 
size and shape of solute ions that undergo transient reac-
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tions [10]. We also selected several chemical probes, such 
as 9,10-anthraquinone-2-sulfonate (AQS), duroquinone 
(DQ), and benzophenone (BP), as models to observe the 
electron-transfer processes between the probes and Bu-
PyBF4. We present a comparative study of electron transfer 
between probes in ILs and other solvents. Related rate con-
stants are obtained, and possible mechanisms are proposed 
in this study. 
1  Experimental 
1.1  Materials 
Ionic liquid BuPyBF4 (Shyfhx Corp.) was treated with acti-
vated charcoal for at least 48 h and then filtered twice by 
passing through a Celite column. The IL was transferred 
into a clean, dry reagent bottle and kept under vacuum for 
12 h at 65°C to remove any volatile organic impurities and 
moisture. The purified IL was stored in an airproof desicca-
tor. Various compounds were used to probe reduction and 
oxidation reactions. The probes AQS, DQ, 4,4′-pyridine 
(BPY), BP, and 1,1′-dimethyl-4,4′-bypyridinium dichloride 
(MV2+) were purchased from Sigma and used as received. 
All other reagents were of purest grade. Unless otherwise 
indicated, all solutions were freshly prepared with Millipore 
filtered water (Milli-Q, Element A-10) before each experi-
ment. Sample solutions were bubbled with high-purity ar-
gon, nitrous oxide, or oxygen for each purpose for over 20 
min prior to radiation. All experiments were carried out at 
(22 ± 2)°C. 
1.2  Methods  
Pulse radiolysis experiments were performed using 10 MeV 
electrons obtained from a linear electron accelerator for in 
situ generation with 20 ns duration in the Shanghai Institute 
of Applied Physics, China. Detailed descriptions of the set-
up of pulse radiolysis equipment and experimental condi-
tions are described in ref. [11]. The absorbed dose was 
measured using an N2O-saturated 100 mmol/L KSCN 
aqueous solution (G ×  = 51000 J/cm at 472 nm) [12]. The 
absorbed dose was 15 Gy/pulse. The source of analyzing 
light was a 500 W xenon lamp. The kinetic spectrophoto-
metric detection system covered a wavelength ranging from 
250 to 800 nm, and the light length of the quartz cell was 
1.0 cm. Rate constants and molar absorption coefficients 
were reported with their estimated standard uncertainties.  
Radiolysis of liquid results in the production of solvated 
electrons and solvent radical cations. Solvated electrons 
may react with solvents. However, when this reaction is 
slow, the solvated electrons may react with solutes instead. 
Radical cations may oxidize solutes or may undergo depro-
tonation or fragmentation, and the products then react with 
solutes differently. Geminate recombination of solvated 
electrons and radical cations produces excited species, 
which may undergo fragmentation to form radicals. Despite 
this complexity, clean reduction or oxidation reactions in 
many solvents is possible because of the rapid conversion of 
primary species and selective reactions. Some mechanisms 
may be predicted based on reaction rates in other solvents. 
The pulse radiolysis of water produces highly reactive 
species, as shown in reaction 1:  
 H2O  
•OH, e−aq, 
•H, H2O2, HO2,  (1) 
When the sample solution is saturated with N2O for 20 
min prior to pulse radiolysis, e−aq is scavenged to form 
•OH 
radical (reaction 2).  
 e−aq + N2O + H2O  •OH + OH− + N2  (2) 
To observe the reaction of the substrate with e−aq, scav-
enging •OH radicals using tert-butyl alcohols (0.1 to 1 
mol/L) in the N2-saturated aqueous solutions is necessary 
(reaction 3).  
 •OH + (CH3)3COH  H2O + •CH2(CH3)2COH  (3) 
The viscosities of the tested ionic liquids were deter-
mined experimentally using a Rheometric Scientific, Inc. 
ARES rheometer from TA Instruments. A steady shear rhe-
ology test was conducted at 20°C using a cone geometry 34 
mm in diameter. Tests were performed at shear rates rang-
ing from 0.1 to 100 s−1 (referenced to the outer radius of the 
plates); none of the fluids tested showed any sign of 
non-Newtonian behavior. The relative standard uncertainty 
of the mean viscosity was less than 5%. 
2  Results and discussion 
2.1  Radiolysis of pyridinium ionic liquid aqueous  
solution 
The transient absorption spectrum was obtained under pulse 
radiolysis for the aqueous solution containing BuPyBF4 (0.1 
mmol/L) and t-BuOH (1.0 mol/L) deoxygenated by N2 
(Figure 1). A strong absorption spectrum appeared in a 
broad wavelength region ranging from 470 to 740 nm in a 
short lifetime. Hydrated electron absorption, which decayed 
rapidly, was observed around 700 nm at 100 ns. Other ab-
sorption bands appeared around 330 nm at 2 µs after the 
pulse (Figure 1, inset (b)). However, the solvent electron 
was scarcely observed in neat BuPyBF4 under our experi-
ment conditions, indicating the rapidness of the reaction. 
By varying the concentration of BuPyBF4 IL from 0.01 to 
0.4 mmol/L, the decay follows the pseudo-first-order decay 
law. The plots of the decay rates as a function of the Bu-
PyBF4 concentration show a linear line. The rate constant of 
the solvated electron reacting with BuPyBF4 was estimated 
to be (1.7 ± 0.1)×1010 L/(mol s) based on the plotted slope 
of the pseudo-first-order rate versus the initial concentra-
tions of BuPyBF4 (Figure 1, inset (c)).  
The BF4
− or PF6
− anions of the ILs were not active and  
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Figure 1  Transient absorption spectra of 0.1 mmol/L BuPy BF4 aqueous 
solution containing 1.0 mol/L t-BuOH, saturated with N2, and recorded at 
() 0.1, () 0.3, () 0.5, and () 1.0 µs after the pulse. Inset: (a) kinetics at 
640 nm; (b) transient absorption spectra of 0.1 mmol/L BuPyBF4 recorded 
at 2.0 µs after the pulse; (c) plots of observed kinetics at 640 nm against 
BuPy BF4 concentrations. 
did not react with solvated electrons. Therefore, radiolysis 
of BuPyBF4 was assumed to produce solvated electrons, 
protons, radical cations, and neutral radicals, such as in reac-
tion 4. Solvated electrons can react rapidly with the pyri-
dinium cation to form the neutral butylpyridinyl radical (Bu-
Py•) (reaction 5). The typical absorption band of BuPy• was 
around 330 nm, which is consistent with ref. [5]. 
The spectrum recorded at 2.0 µs of 0.1 mmol/L BuPyBF4 
aqueous solution shows a similar weak peak (Figure 1, inset 
(b)), which is expected when the main absorbing species is 
the same pyridinyl radical. This radical is expected to trans-
fer an electron to compounds with higher electron affinity, 
such as quinones, as demonstrated in the next section. 
 (BuPy)+(BF4)
−  e−solv, H+, (BuPy)•2+, BF4•    (4) 
 BuPy+ + e−aq   BuPy•   (5) 
2.2  Electron transfer between probes and BuPy• 
In this section we discuss the electron transfer from Bu-
Py•to quinones, the electron transfer between quinones and 
methyl viologen, and compare the rate constants with values 
measured in other solvents. 
(i) Electron transfer between probes and BuPyBF4 in 
aqueous solution.  According to the measured rate constant 
of pyridium ionic liquids with hydrated electron, we devised 
the system containing 0.1 mmol/L probes (AQS or DQ) and 
1.0 mmol/L BuPyBF4 aqueous solution. Considering the 
concentration ratio of ILs and probes, the two reactions oc-
cur as reactions 5 and 6. 
 AQS + e−aq  AQS•−  (6) 
An important consideration should be taken for assuring 
that e−aq produced by water radiolysis predominantly reacts 
with BuPyBF4. This reaction can be effectuated by carefully 
adjusting the initial concentrations of BuPyBF4 and AQS. 
According to the mechanism of competitive reactions, the 
reaction probability (p) of BuPyBF4 with 
•OH can be calcu-








  . 
The rate constants of BuPyBF4 and AQS toward e
−
aq are 
1.7 × 1010 L/(mol s) (k1) and 2.2 × 10
10 L/(mol s) (k2), re-
spectively [13]. When the systems containing 1.0 mmol/L 
BuPyBF4 and 0.1 mmol/L AQS are applied, p is assumed to 
be 88%, which indicates that about 88% of e−solv produced 
will react with BuPyBF4 to form BuPy
•.  
Therefore, the main reducing species in the ILs are the 
butylpyredinyl radical and the electron-transfer reaction 
(reaction 7). The transient spectra are shown in Figure 2. 
The strong absorption bands were around 380 and 510 nm, 
which are typical for AQS anion radical (AQS• −) [14]. The 
rate constant was assumed to be 8.0 × 109 L/(mol s). 
 BuPy• + AQS  BuPy+ + AQS•−  (7) 
BuPyBF4 was used as solute and solvent to compare fur-
ther its reactivity in ILs. A similar phenomenon was ob-
served in BuPyBF4 solution containing AQS. The absorp-
tion peaks of AQS•− appeared at 380 and 510 nm, and the 
rate constant was measured to be 1.2 × 108 L/(mol s). 
The kinetics of AQS at 380 nm was compared using dif-
ferent solvents (Figure 3); AQS•− was formed in the aqueous 
solution at 1 µs and then decayed. AQS•− was formed slowly 
in IL-water mixture solutions or neat ILs. Using the same 
experiment methods, the other probes DQ, MAQ, and BPY 
also reacted with BuPy• in neat ionic liquids or IL aqueous 




Figure 2  Transient absorption spectra of 1.0 mmol/L BuPyBF4 aqueous 
solution containing 0.1 mmol/L AQS and 1.0 mol/L t-BuOH, saturated 
with N2, and recorded at () 0.5 and ()5.0 µs after the pulse. Inset: (a) 
kinetics at 380 nm; (b) rate constant of 0.02 to 0.22 mmol/L AQS and 1 
mmol/L BuPyBF4 aqueous solution. 
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Figure 3  Kinetics of AQS at 380 nm in various systems. (a) Aqueous 
solution, (b) BuPyBF4 aqueous solution, and (c) BuPyBF4.  
higher reactivity. Table 1 lists the rate constants for differ-
ent electron-transfer reactions, which will be discussed in 
subsequent sections of the paper. 
(ii) Electron transfer between probes in BuPyBF4.   Bu-
PyBF4 is expected to mediate the electron transfer to the 
other probe MV2+ because BuPyBF4 is more easily reduced 
compared with its primary acceptors BP and BPY. In Bu-
PyBF4, the reaction of benzophenone with MV
2+ first gen-
erates the transient spectra of BuPy• (330 nm) and BP•− (545 
nm). The addition of MV2+ quenches BP• and produces MV+ 
(610 nm), as shown in Figure 4. The rates and efficiencies 
for intermolecular electron transfer are monitored by a sub-
sequent reaction of BP•− with a probe ion (MV2+), whose 
reduced form is detected via its strong absorbance at 610 
nm. The favorable reduction reaction of the pyridinium cat-
ion permits electron migration via secondary reduction of 
one or more solvent cations. The reactions are as follows:  
 BuPy + + e−solv  BuPy•    (8) 
 BuPy• + BP BP•−+ BuPy+   (9) 
 MV2++ BP•−MV•++ BP     (10) 
A contrasting behavior was observed in aqueous solution. 
When the system contained 1.2 mmol/L BPY and 0.2   
Table 1   Rate constants for different electron-transfer reactions 
Reaction Solvent kexp kdiff 
a) 
BuPy• + AQS H2O (8.0  0.5) × 109 7.0 × 109  
BuPy• + AQS BuPyBF4 (1.2  0.2) × 108 4.5 × 107 
BuPy• + BPY H2O (9.8  0.7) × 109 7.0 × 109 
BuPy• + BPY BuPyBF4 (5.4  0.4) × 108 4.5 × 107 
BuPy• + MV2+ H2O (7.7  0.4) × 109 7.0 × 109 
BuPy• + MV2+ BuPyBF4 (4.3  0.2) × 108 4.5 × 107 
BuPy• + DQ i-PrOH (2.0  0.2) × 109 7.0 × 109 
BuPy• + DQ BuPyBF4 (3.6  0.2) × 108 4.5 × 107 
BuPy• + MAQ i-PrOH (8.9  0.5) × 108 3.0 × 109 
BuPy• + MAQ BuPyBF4 (1.2  0.1) ×108 4.5 × 107 
MV+ + DQ 2% i-PrOH-H2O (2.0  0.2) × 109 7.0× 109 
AQS + BPY 4% i-PrOH-H2O (4.6  0.3) × 109 7.0 × 109 
MV2+ + BP BuPyBF4 (8.0  0.5) × 108 4.5 × 107 
a) The viscosity of BuPyBF4 at 20°C was 0.145 Pa s. 
 
Figure 4  Transient absorption spectra of 1.1 mmol/L BP and 0.28 
mmol/L MV2+ in BuPyBF4, saturated with N2, and recorded at () 0.5, (○) 
3, and () 15 µs after the pulse. Inset: plots of observed kinetics at 610 nm 
against MV2+ concentrations. 
 
mmol/L AQS in i-PrOH 4% aqueous solution, decay and 
formation were observed at 580 and 510 nm, respectively, 
which were almost synchronous to that of Figure 5. Two 
main absorption bands of BPY were presented at 375 and 
580 nm, which were assigned to the 4,4′-BPY radical [15]. 
The peak at 510 nm contributed to the AQS•− anion radical. 
Therefore, the electron transfer between AQS and BPY 
occurred as reaction (11). The rate constant was measured 
to be 4.6 × 109 L/(mol s). 
 AQS+ BPY•AQS•−+ BPY+   (11) 
The electron-transfer reactions occurred in pyridium- 
based ionic liquids and other conventional solvents. The 
rate constants for the same reactions are listed in Table 1. 
These measured values should be compared with the diffu-
sion-controlled rate constants, which can be estimated using  
 
 
Figure 5  Transient absorption spectra of 1.2 mmol/L BPY and 0.2 
mmol/L AQS aqueous solution containing 4% i-PrOH, saturated with N2, 
and recorded at () 0.1, (○) 0.5, () 1.0, and () 2.0 µs after the pulse. Inset: 
(a) decay at 580 nm; (b) plots of observed kinetics at 580 nm against AQS 
concentrations. 
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the viscosities.  
The viscosity of the neat ionic liquid BuPyBF4 was 0.145 
Pa s at room temperature. We can estimate the diffusion- 
controlled rate constant (kdiff) using the above viscosity 
[16,17]. Here, kdiff = 8000RT/3, where R is the gas constant 
(8.3144 J(K mol), T is the absolute temperature, and is the 
viscosity (in Pa s). The values of kdiff for the respective con-
ditions (Table 1) were estimated from the viscosity meas-
ured under those conditions (i.e. with solutions containing 
all the main components and not neat solvents only). The 
diffusion rates in the neat room temperature ionic liquid 
(RTIL) were slower than those in RTIL-co-solvent mixtures 
because of the high viscosity of neat ionic liquids. In all 
cases, the rate constants were about one order of magnitude 
higher in water than in the ILs. The rate constant of DQ was 
also measured in i-PrOH and had an intermediate value be-
tween water and in the ionic liquid.  
The electron-transfer rate constants in water and i-PrOH 
were lower than the values of kdiff, which is observed in 
numerous reactions. Thus, IL only acted as a solute. By 
contrast, all the rate constants measured in the neat ionic 
liquids were approximately one order of magnitude higher 
than the calculated constant kdiff. This finding may be at-
tributed to the electron-transfer mechanism that involves 
electron hopping between solvent cations, thus permitting 
the unpaired electron of BuPy• to reach the organic substrate 
without the need for complete diffusion of a specific BuPy• 
radical to the substrate. Electron transfer is facilitated when 
a neutral substrate is solvated by pyridinium cations, which 
can channel electrons. 
Moreover, the comparison of electron transfer in Bu-
PyBF4 and water supports the solvent-mediated electron- 
transfer pathway for BuPyBF4. A solely diffusive electron- 
transfer pathway is illustrated in BPY and AQS in aqueous 
solution. The electron-transfer rate constant from BPY•− to 
AQS is approximately 4.6 × 109 L/(mol s), whereas the 
constant value from BP•− to MV2+ is 8.0 × 108 L/(mol s), 
which is one order of magnitude faster than kdiff. The higher 
rates in ILs may be realized in more organized media, such 
as IL crystals. A similar phenomenon was observed by 
photoinduced electron transfer in ionic liquids [18]. 
3  Conclusion 
In this study, we used time-resolved pulse radiolysis tech-
niques to measure the rates of intermolecular electron- 
transfer reactions in BuPyBF4 ionic liquids and convention-
al solvents. The radiolysis behavior showed that BuPy+ cat-
ion was easily reduced by solvated electrons and that BuPy+ 
generated the active radical BuPy•, which can follow the 
electron transfer to various solutes. Several reductions oc-
curred with rate constants significantly higher than the dif-
fusion-controlled limit. By contrast, the rate constants for 
the same reactions in water and i-PrOH were slower than 
the diffusion-controlled limit. This fast reaction is inter-
preted as solvent-mediated mechanism, in which an electron 
reaches its final destination via intervening pyridinium 
groups without requiring the diffusion of a specific radical. 
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